Abstract -A hybrid SiO 2 micro/nanospheres antireflection coating, deposited by a rapid convection deposition, acting as a passivation layer of GaN-based light-emitting diodes (LEDs) is studied in this paper. Since the critical angle could be enlarged by antireflection coating, Fresnel reflection could be reduced. In addition, due to the roughened surface of hybrid SiO 2 microsphere/nanosphere antireflection coating, the scattering effect could be increased. Thus, the light extraction efficiency could be further enhanced. As compared with a conventional LED (device A), at 20 mA, the studied device C exhibits 18.7% enhancement in light output power without any degradation of electrical properties. Reduced leakage current could also be achieved. Therefore, the use of hybrid SiO 2 microsphere/nanosphere antireflection coating could effectively improve the performance of GaN-based LEDs.
I. INTRODUCTION

I
II-V compound materials have been considered as potential candidates for the application in optoelectronic semiconductor devices [1] - [4] . Due to inherent advantages, GaN-based light-emitting diodes (LEDs) have attracted considerable research attention. As a promising light source, GaN-based LEDs have been extensively applied in many applications [5] . However, there is still room for improvement of external quantum efficiency (EQE) of GaN-based LEDs to apply in S. solid-state lighting [6] , [7] . Due to the difference in refractive indices between GaN and air, light extraction efficiency (LEE) is limited by total internal reflection [8] .
It is known that antireflection coating is an effective method for enhancing LEE [9] . Since antireflection coating could enlarge the critical angle, Fresnel reflection could be reduced [10] . This leads to an improvement of an LEE. The ideal refractive index n AR of the antireflection coating could be calculated by n AR = (n s × n air ) 1/2 , where n s and n air are refractive indices of semiconductor and air [10] . For GaN-based LEDs, refractive index of antireflection coating should be around 1.58. Thus, SiO 2 (n = 1.5) is known as a suitable material. In addition, due to insulating property and high transmittance (up to 90%), an SiO 2 layer is always deposited on the surface of GaN-based LEDs as a passivation layer to protect device and reduce leakage current [11] . In addition, it is known that the roughened surface is also a common method to enhance an LEE by increasing the scattering effect [12] . Previously, a self-assembled SiO 2 nanospheres nanostructure with a close packing arrangement was commonly used to achieve a nominal continuous variation of filling fraction and form the photonic crystal-like structure. This could enhance light scattering effect or reflect photons as a photonic band gap [13] , [14] . There are many approaches to obtain a self-assembled SiO 2 nanospheres nanostructure with a close packing arrangement [13] , [14] . Rapid convective deposition (RCD) is one of the effective methods to achieve a self-assembled monolayer [15] - [17] . Yet, there is still less study on a roughened antireflection coating or a passivation layer. In this paper, a new hybrid SiO 2 microsphere/nanosphere antireflection coating is deposited on the surface ofGaN-based LEDs as a passivation layer by an RCD approach [10] . Experimentally, improved optical performance could be obtained without the degradation of electrical properties.
II. EXPERIMENTS
In this paper, the studied device (denoted as device C) was grown on a c-plane sapphire substrate by a metal organic chemical vapor deposition system. The epitaxial structures consisted of a 2-µm-thick undoped GaN layer, a 2-µm-thick Si-doped n-GaN layer (n = 1 × 10 18 cm −3 ), 0018-9383 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. and 15-period InGaN/GaN multiple quantum well as active layers, followed by a 0.3-µm-thick Mg-doped p-GaN layer ( p = 4 × 10 17 cm −3 ). After epitaxial growth, an inductively coupled plasma dry etching process was utilized to define mesa regions. A 70-nm-thick indium-tin-oxide layer was deposited as a current spreading layer and Cr/Pt/Au metals were sequentially deposited as n-p pads by an electron beam evaporator. Then, n-p pads were activated in a nitrogen ambience at 385°C for 20 min to improve contact characteristics. To form a more uniform hybrid SiO 2 microsphere/nanosphere antireflection coating, hybrid SiO 2 microsphere aqueous suspension was deposited by an RCD approach [13] . Fig. 1(a) shows the used RCD instrument. The suspension was injected by a pipette between the substrate and the glass-based blade. The small droplet of suspension could be controlled by the capillary force between the blade and the substrate wedge. As the substrate was pulled away from the bulk suspension, the meniscus would be stretched out and swept through the substrate, as shown in Fig. 1(b) . Spheres from the bulk suspension moved toward the contact line by the liquid flow driven by evaporation and convective flow from the moving substrate [16] , [17] . In addition, a conventional LED without a passivation layer was fabricated and denoted as the device A. To limit the process deviation, all studied devices came from the same uniform LED wafer. All of these samples were diced into individual chips with a dimension of 600 × 700 µm 2 . Fig. 2 shows schematics of studied devices A, B, and C. These chips were attached and bonded to TO-3 submounts for electrical and optical tests by a semiconductor parameter analyzer (HP-4155C) and an integrated sphere. Fig. 3(a) shows scanning electron microscope (SEM) image on the top view of hybrid SiO 2 microsphere/nanosphere antireflection (device C). A magnified view is shown in the inset. The corresponding cross-sectional view is shown in Fig. 3(b) . 1 µm-SiO 2 microsphere surfaces would be covered by SiO 2 nanoparticles (<30 nm). The SEM image on top view of SiO 2 nanoparticles (<30 nm) antireflection coating employed (device B) is shown in Fig. 3(c) . A magnified view is shown in the inset. Atomic force microscopy (AFM) images of hybrid SiO 2 microsphere/nanosphere (device C) and nanoparticles antireflection coatings (device B) are shown in Fig. 4(a) and (b) , respectively. The root-mean-square value of roughness Rq in an AFM analysis of hybrid SiO 2 microsphere/nanosphere (nanoparticles) antireflection coating is 164 (23.7) nm. These results indicate that the hybrid SiO 2 microsphere/nanosphere (nanoparticles) antireflection coating could be deposited in a large area with a uniform arrangement by using the RCD approach. Moreover, the roughened surface of hybrid SiO 2 microsphere/nanosphere antireflection coating means that photons have more opportunities to be scattered and redirected [18] . Fig. 5 shows transmittances of hybrid SiO 2 microsphere/nanosphere, nanoparticles (<30 nm) antireflection coatings, and a sputtered SiO 2 thin film. Wavelengths of emitted photons are ranged from 300 to 900 nm. Due to the high transmittances up to 97.5% of all samples in blue light region, photons emitted within devices could be mostly transmit through hybrid SiO 2 microsphere/nanosphere and nanoparticles antireflection coatings. Fig. 6 (a) and (b) shows light output powers (LOPs) and current-voltage (I − V ) curves of devices A, B, and C, respectively. At 20 mA, similar forward voltages of all studied devices are around 3.05 V. Because the used antireflection coatings are not located in the current pathway, the related electrical properties are not influenced. At 20 mA, LOPs of devices A, B, and C are 9.50, 9.91, and 11.28 mW, respectively. As compared with the device A, devices B and C exhibit 4.3% and 18.7% improvements in LOPs. Since the critical angle could be enlarged by antireflection coating, Fresnel reflection could be reduced [19] . In addition, due to the roughened surface of hybrid SiO 2 microsphere/nanosphere antireflection coating, the scattering effect could also be increased [20] . Thus, LEE could be further enhanced. Fig. 7 shows the reverse-biased I − V curves of studied devices. Under −5 V, reverse-biased leakage currents of devices A, B, and C are 4, 2, and 2 nA, respectively. The reduced leakage currents could be attributed to higher barrier gap and insulation properties of SiO 2 passivation layer [19] .
III. RESULTS AND DISCUSSION
The EQE and luminous flux as a function of operating current are shown in Fig. 8(a) and (b) . Highest luminous efficacy is obtained for a monochromatic emission at 555 nm, at which human eye is most sensitive [21] . Since high-power GaN-based LEDs have been used as a promising light source for solid-state lighting, luminous efficacy should be seriously considered. Hence, although LOP of LED is an important factor, a high luminous flux is also required. Similarly, devices B and C show higher luminous flux and EQE values than device A. Experimentally, under an injection current of 20 mA, the luminous fluxes are 0.67, 0.78, and 0.86 lm for devices A, B, and C, respectively. As compared with the device A, devices B and C exhibit 16.4% and 28.4% improvements in luminous fluxes [22] . The corresponding EQEs, at an operating current of 20 mA, are 24.3%, 28%, and 32.7% of devices A, B, and C, respectively. Clearly, devices B and C show 26.7% and 34.6% improvements in EQE, respectively, as compared with the device A. These improvements of optical properties are mainly caused by roughened micro (nano) scale SiO 2 surfaces. Certainly, the device C shows the best optical performance due to the most roughened surface of antireflection coating.
The wall-plug efficiencies (WPEs) as a function of operating current of studied devices are revealed in Fig. 9(a) . Obviously, devices B and C show higher WPEs than the device A. Under an injection current of 20 mA, WPEs are 15.6%, 17.1%, and 18.5% for devices A, B, and C, respectively. As compared with the device A, devices B and C exhibit 9.6% and 18.6% improvements in WPE, respectively. Fig. 9(b) shows light emission mapping images of devices A to C under 20-mA current injection. As compared with the device A, it can be seen that the light emission intensity of devices B and C are obviously improved. In addition, the light emission intensity of device C is higher than that of device B. It could be attributed to the roughened surface of hybrid SiO 2 microsphere/nanosphere. This has once again confirmed that the use of hybrid SiO 2 microsphere/nanosphere antireflection coating could effectively improve LEE, leading to significantly enhanced performance of GaN-based LEDs [23] - [26] . Therefore, to compete with traditional light sources in applications of next-generation solid-state lighting, high-power GaN LEDs could be expected [27] .
IV. CONCLUSION
A hybrid SiO 2 microsphere/nanosphere antireflection coating, deposited on the surface of GaN-based LEDs, acting as a passivation layer is studied in this paper. The SiO 2 microsphere/nanosphere antireflection coating was uniformly deposited by the RCD method. The diameters of used microspheres and nanoparticles are 1 µm and <30 nm. Since the critical angle could be enlarged by antireflection coating, Fresnel reflection could be reduced. In addition, due to the roughened surface of hybrid SiO 2 microsphere/nanosphere antireflection coating, the scattering effect could also be increased. Thus, LEE could be further enhanced. As compared with a conventional LED (device A), at 20 mA, the studied device C exhibits 18.7% and 34.6% enhancements in an LOP and an EQE without any degradation of electrical properties. Reduced leakage current could also be obtained. These significant improved properties show that high-performance GaN-based LEDs could be achieved by the use of hybrid SiO 2 microsphere/nanosphere antireflection coating.
